Considering their key role for ecosystem processes, it is important to understand the response of microbial communities in unpolluted soils to pollution with polycyclic aromatic hydrocarbons (PAH). Phenanthrene, a model compound for PAH, was spiked to a Cambisol and a Luvisol soil. Total community DNA from phenanthrene-spiked and control soils collected on days 0, 21, and 63 were analyzed based on PCR-amplified 16S rRNA gene fragments. Denaturing gradient gel electrophoresis (DGGE) fingerprints of bacterial communities increasingly deviated with time between spiked and control soils. In taxon specific DGGE, significant responses of Alphaproteobacteria and Actinobacteria became only detectable after 63 days, while significant effects on Betaproteobacteria were detectable in both soils after 21 days. Comparison of the taxonomic distribution of bacteria in spiked and control soils on day 63 as revealed by pyrosequencing indicated soil type specific negative effects of phenanthrene on several taxa, many of them belonging to the Gamma-, Beta-, or Deltaproteobacteria. Bacterial richness and evenness decreased in spiked soils. Despite the significant differences in the bacterial community structure between both soils on day 0, similar genera increased in relative abundance after PAH spiking, especially Sphingomonas and Polaromonas. However, this did not result in an increased overall similarity of the bacterial communities in both soils.
INTRODUCTION
Anthropogenic activities such as combustion of wood, coal, and petroleum or mining accidents frequently result in the pollution of soils with polycyclic aromatic hydrocarbons (PAH) which have several potential adverse effects on environments and human health due to their toxicity, persistence, and carcinogenicity (Johnsen et al., 2005; Pumphrey and Madsen, 2007; Schafer et al., 2009) . Microbes play an important role in the bioremediation of PAH-polluted sites. Microbial populations in polluted soils or sediments are very well studied (Gomes et al., 2005 Leys et al., 2005; Singleton et al., 2005; Ni Chadhain et al., 2006; Zhou et al., 2006; Flocco et al., 2009; Liang et al., 2009) . Degradative populations were frequently affiliated to the genera Sphingomonas, Polaromonas, Burkholderia, Pseudomonas, Mycobacterium, Nocardia, and Rhodococcus. The type of PAH substrates (Singleton et al., 2005; Ni Chadhain et al., 2006; Gray et al., 2011) together with several biotic and abiotic factors, e.g., plant exudates (Sipila et al., 2008; Cebron et al., 2011) or particle sizes of soil minerals (Uyttebroek et al., 2006) , were shown to influence the composition and abundance of total or degradative bacterial populations in polluted soils. However, the dynamics of microbial communities in unpolluted soils which are under the threat of PAH pollutions were only rarely explored.
Polycyclic aromatic hydrocarbons or their metabolites may have toxic effects on microbes (Eom et al., 2007) . Previously unpolluted soils which were reported to have a low abundance of PAH-degrading populations (Johnsen et al., 2007; Flocco et al., 2009; Ding et al., 2010) and thus detoxification of PAH are assumed to be retarded. As a consequence, PAH pollution of non-adapted soils might reduce soil microbial diversity and cause more severe effects on soil microbial function as a high microbial diversity is assumed to be important for the proper functioning of soil ecosystems (Giovannoni, 2004; Bell et al., 2005) . Toxic effects of PAH on plants (Li et al., 2011) and animals (Brown et al., 2004) were reported, but so far microbial ecology studies mainly focused on microbes which are able to degrade the pollutants or their metabolites. In a study by Sipila et al. (2008) the relative abundance of Acidobacteria subgroup GP1 was lower in the PAH-polluted bulk soil and rhizosphere than in the non-polluted soil.
In a previously described experiment, a Cambisol and a Luvisol soil contrasting in their texture were either spiked with phenanthrene or not and incubated in soil microcosms for 63 days (Ding et al., 2010) . The diversity and abundance of enriched populations carrying PAH-hydroxylating dioxygenase (PAH-RHDα) genes depended on the soil type (Ding et al., 2010 ). Here we investigated for the same experiment how the bacterial communities change after spiking of the Cambisol and Luvisol with phenanthrene, in comparison to the unpolluted controls, by analyzing 16S rRNA gene fragments amplified from total community (TC) DNA by denaturing gradient gel electrophoresis (DGGE). An integrated data processing pipeline was developed for the analysis of data from pyrosequencing of 16S rRNA gene amplicons from the spiked soils and unpolluted controls after 63 days of incubation, in order to systematically identify taxa with increased or decreased abundance, to compare community structure and diversity of total and important groups between different samples.
MATERIALS AND METHODS

EXPERIMENTAL DESIGN
Details of the experimental setup were described previously (Ding et al., 2010) . Briefly, Cambisol and Luvisol soil samples taken from the long-term observation sites in Ultuna (Sweden) and Scheyern (Germany), respectively, were contaminated with phenanthrene to reach a final concentration of 2 mg g −1 soil. Four replicates of each soil, phenanthrene-spiked or not, were incubated at room temperature (23˚C) in the dark. Samples were taken on days 0, 21, and 63 after phenanthrene spiking and kept at −20˚C before DNA extraction with Bio-101 DNA spin kit for soil (QBiogene, Heidelberg, Germany).
DGGE ANALYSIS OF 16S rRNA GENE FRAGMENTS
Bacterial 16S rRNA gene fragments from the soil samples were amplified with the primers F984-GC and R1378 as described by Heuer et al. (1997) . A semi-nested or nested PCR approach was applied for amplification of 16S rRNA genes of Actinobacteria, Alphaproteobacteria, Betaproteobacteria, or Pseudomonas as previously described (Heuer et al., 1997; Gomes et al., 2001; Costa et al., 2007) . All primers used in this study are provided in Table A1 in Appendix. DGGE of the 16S rRNA gene amplicons was performed according to Gomes et al. (2005) , using a double gradient gel composed of 46.5-65% denaturants (100% denaturant was defined as 7 M urea and 40% formamide and 6.2-9% of mixture of bis-acrylamide and acrylamide (1:37.5). The following electrophoresis was performed at a constant voltage of 140 V for 17 h at 58˚C in 1× Tris-acetate-EDTA buffer with a PhorU2 apparatus (Ingeny, Goes, Netherlands). The DGGE gels were silver stained according to Heuer et al. (2001) . GelCompar II 4.5 was used for pairwise comparisons of microbial DGGE profiles. Dendrograms were constructed based on pairwise Pearson correlation indices by means of unweighted pair group method using arithmetic averages (UPGMA). The pairwise Pearson correlation indices were used to test for significant treatment effects by application of the previously described PERMTEST software (Kropf et al., 2004) . Cloning and sequencing of the selected bands from DGGE gels were done as previously described (Gomes et al., 2008) . The partial 16S rRNA gene sequences excluding the primers were classified by the Naïve Bayesian rRNA Classifier of the Ribosomal Database Project 1 and BLASTN in the GenBank database. 2
PYROSEQUENCING
Three replicate samples per treatment and control from day 63 were studied more in depth by barcoded pyrosequencing. PCR amplification and sequencing were done at Biotechnology Innovation Center (BIOCANT, Cantanhede, Portugal). Briefly, the hypervariable V3-V4 regions of 16S rRNA genes were amplified with bacterial primers 338F and 802R (RDP's Pyrosequencing Pipeline 3 ) which were fused to the 454 A and B adaptors, respectively. Standard PCR reaction conditions were employed for reactions with Fast Start polymerase (Roche, Pensberg, Germany), 3 mM MgCl 2 , 6% DMSO, 200 nM each primer and 200 mM dNTP. The PCR conditions were 94˚C for 3 min, followed by 35 cycles of 94˚C for 30 s, 44˚C for 45 s, and 72˚C for 60 s, and a final elongation step at 72˚C for 2 min. Sequencing was performed on a 454 Genome Sequencer FLX platform according to standard 454 protocols (Roche -454 Life Sciences, Branford, CT, USA).
SEQUENCE AND STATISTICAL ANALYSES
A semi-automatic pipeline for analyzing 16S rRNA gene sequences was integrated by Perl 4 (5.12). The pipeline consists of two major parts: an operational taxonomic unit (OTU) report generator and an OTU report analyzer (supplement).
Denoizing, multiple alignments, OTU assignment, classification, and generation of OTU reports were linked according to the following steps and criteria: the unpaired region for each sequence was truncated based on standalone BLASTN analysis against a SILVA 16S rRNA gene database (Pruesse et al., 2007) . Only sequences of more than 200 bp were analyzed. The software package Mothur (v1.14.0; Schloss et al., 2009; Schloss, 2010) was used for multiple alignments and OTU assignment. Classification of sequences was done by using the Naïve Bayesian classifier at >80% confidence (Wang et al., 2007) . Aligned sequences, their corresponding taxonomy, as well as OTU assignment were stored in a local MYSQL database. A Perl script including the package database interface (DBI) was used to construct an OTU level report with each row representing one OTU containing taxonomic position (domain, phylum, class, order, family, and genus) and number of sequences for each sample.
Analyses based on the OTU (>97%) report were done with R 5 (2.12). To compare the community structure between samples, cluster analyses were performed, including all taxonomic groups with more than 50 OTUs, based on the pairwise Pearson correlation which is suitable to compare samples with a different number of sequence reads. The reliability of clusters was tested by 500 times bootstrap analyses. The difference in community structure between treatments was measured using the average of Pearson correlation within treatment minus average of Pearson correlation between treatments. Rarefaction analysis for different treatments and different taxonomic groups was also performed with R to compare the detected diversity between treatments. Diversity indices such as Chao1, Pielous's evenness, and Shannon were also analyzed in a similar manner as the rarefaction analysis to alleviate the bias caused by the different numbers of sequence reads per sample.
Discriminative taxa between treatments or soil types were identified by Tukey's honest significance tests under a generalized linear model via a logistic function for binomial data with the package multcomp (Hothorn et al., 2008) . The analyses were performed systematically from phylum to species level (OTU > 97% similarity). Representative sequences for those discriminative OTUs (>97% sequences similarity) as well as their closest related 16S rRNA gene sequences were aligned with Mothur. A neighborjoining phylogenetic tree was constructed and tested using software package SeaView4 (Gouy et al., 2010) . Compression of the branches was performed to reduce the complexity of the phylogenetic tree generated. Nodes in the phylogenetic tree were marked for compression at defined distances using a local Perl package (gardener) including TreeIO (Bioperl) and DBI. Phylogenetic trees were edited with software Archaeopteryx (Han and Zmasek, 2009) .
RESULTS
RESPONSES OF SOIL BACTERIAL COMMUNITIES TO PHENANTHRENE DEPENDING ON SOIL TYPE, EXPOSURE TIME, AND TAXONOMIC GROUP AS REVEALED BY PCR-DGGE
Community fingerprints of Bacteria, Pseudomonas, Actinobacteria, Beta-, and Alphaproteobacteria were clustered by UPGMA based on Pearson correlation indices. Phenanthrene significantly affected the bacterial community structure in both soils ( Table 1) .
The bacterial taxonomic groups analyzed responded differently to phenanthrene spiking ( Table 1) . Despite the relatively high variability of the Pseudomonas-specific gacA fingerprints some differentiating bands were detected in the patterns of phenanthrene-polluted Luvisol and Cambisol on day 21 ( Figures A1A,B in Appendix). A pronounced difference (d = 23%) of the Pseudomonas community structure between phenanthrene-spiked Cambisol and the control was observed ( Table 1) . But on day 63, no differentiating bands were identified in response to the phenanthrene contamination in the Pseudomonas fingerprints (Figures A1C,D in Appendix), and the dissimilarity of Pseudomonas microbial DGGE fingerprints between phenanthrene-polluted soil and the corresponding control was small ( Table 1) . In contrast to Pseudomonas communities, a difference of the actinobacterial communities of phenanthrenepolluted and control soils was observed only on day 63 but not on day 21 (Table 1) . Responses of betaproteobacterial communities to phenanthrene spiking were observed for both soils on days 21 and 63. The populations (accession numbers: JF810414-JF810419) behind the bands with strongly increased intensity (most dominant responder) in both soils shared the highest sequence similarity with Polaromonas sp. (AM492164; Figures A2A-C in Appendix). The alphaproteobacterial community patterns for soil samples taken on day 21 displayed a high variability among replicates.
But some differentiating bands were identified when comparing polluted and unpolluted Luvisol (data not shown). On day 63, significant differences were observed between polluted and nonpolluted treatments for both soils (Table 1 and Figures A3A,B in Appendix). As for the total bacterial community, differences of the alphaproteobacterial, betaproteobacterial, and actinobacterial community between the polluted soils and the corresponding controls strongly increased with time in both soils, while the community of Pseudomonas became more similar between phenanthrenetreated and non-treated soils ( Table 1) . Changes in the bacterial community structure of the untreated control soils during the experiment were minor for Cambisol and not detectable for Luvisol, indicating that microbial community changes were directly or indirectly induced by the phenanthrene spiking ( Figure A4 in Appendix). Based on the d-values (Table 1) , differences in the bacterial community structure after phenanthrene spiking were more pronounced in Luvisol than in Cambisol at both samplings.
SOIL TYPE AND TAXONOMIC GROUP DEPENDENT EFFECTS OF PHENANTHRENE SPIKING ON BACTERIAL COMMUNITY STRUCTURE AND DIVERSITY AS REVEALED BY 16S rRNA GENE AMPLICON SEQUENCING
Three replicate samples per treatment from day 63 were analyzed by barcoded pyrosequencing of 16S rRNA genes. Altogether 34,054 sequences for all 12 samples were examined, of which 31,201 sequences could be classified to 21 phyla. The remaining 2,853 sequences were only classified as Bacteria. More than 40% could not be reliably classified at genus level indicating novel diversity not yet described (Table A2 in Appendix). The most abundant phyla in both soils belonged to the Proteobacteria, Actinobacteria, Acidobacteria, Firmicutes, and Gemmatimonadetes ( Figure A5 in Appendix).
A taxonomic report containing 8,889 OTUs at species level (>97% sequences similarity) was obtained for comparing community structures. Phenanthrene spiking strongly influenced the total bacterial community structure in both soils. The differences between polluted soils and their corresponding control were comparable for both soils (37% for Cambisol and 30% for Luvisol; Figure 1A ). Bootstrap analysis confirmed the high reliability of the formed clusters for each treatment (bootstrap value > 90), suggesting that the total bacterial community differed between treated and control soils. The difference (d = 30%) between two polluted soils was similar to the difference (d = 34%) between the control soils ( Figure 1A ), indicating that bacterial communities in both soils did not converge or diverge after pollution. www.frontiersin.org To compare DGGE and pyrosequencing in analyzing the community structure of bacterial taxonomic groups, Alphaproteobacteria, Betaproteobacteria, and Actinobacteria were also analyzed using OTUs belonging to these taxa, respectively. Like DGGE, clear soil type and treatment clusters were formed for alphaproteobacterial communities ( Figure 1B) . In contrast to the DGGE results the differences between polluted soils and the corresponding controls were comparable for both soil types ( Figure 1B) . Pyrosequencing analysis additionally showed that the topology of the UPGMA clusters for Alphaproteobacteria was highly similar to that observed for the total bacterial community, suggesting that the dominant members of the bacterial communities and responders belonged to Alphaproteobacteria. Both DGGE and pyrosequencing analyses suggested that differences between betaproteobacterial communities of polluted and unpolluted Luvisol (d = 66%) were stronger than for Cambisol (d = 43%; Table 2 and Figure 1C ). The polluted soils shared more similarity to each other than to their corresponding control soil. Additionally, pyrosequencing analysis showed that replicates were more similar for the polluted Luvisol (>74%) than the control (55-59%), indicating convergence of the betaproteobacterial communities in the Luvisol after phenanthrene pollution. DGGE analysis revealed a significant effect of the phenanthrene spiking on actinobacterial communities in both soils. The similarities shared by replicates within each type of polluted soil were high. Pyrosequencing analysis confirmed the significant difference between polluted soils and the corresponding control except for one replicate of the control Cambisol ( Figure 1D) . Unlike the DGGE analysis, the similarity among replicates of dominant actinobacterial communities in both polluted soils was low, probably due to the high diversity of Actinobacteria and the rather limited amount of sequences acquired for some of the phenanthrene-spiked soils.
To compare the diversity of detected sequences from different treatments, rarefaction analyses were performed based on OTUs defined at four similarity levels (97% and 90% = Figure 2A , 80% and 70% = Figure A6 in Appendix). The bacterial diversity was lower in the polluted soils than in the unpolluted control at all similarity levels (Figure 2A and Table A3 www.frontiersin.org (Figure 2D) , the detected diversities were also lower for polluted soils than for the controls. The average of observed OTUs for 400 sequences was used to compare the diversity in phenanthrene-spiked and control soils (Alphaproteobacteria, Betaproteobacteria, and Actinobacteria could be analyzed with this amount of sequences). The percentage of reduction in diversity after pollution depended on the taxonomic group and the soil type. For the polluted Luvisol, the highest decrease in diversity was observed for Betaproteobacteria (27%), followed by Bacteria (15%), Alphaproteobacteria (13%), and Actinobacteria (9%). For the polluted Cambisol, the decrease in betaproteobacterial diversity was only 9%, while a similar decrease in diversity was found for Bacteria, Alphaproteobacteria, and Actinobacteria in both polluted soils.
NUMEROUS COMMON AND SOIL TYPE SPECIFIC TAXA ENRICHED IN PHENANTHRENE-POLLUTED SOILS
To identify those taxa which were enriched in the polluted soils, multiple Tukey's tests were applied (unadjusted p < 0.05). Phenanthrene spiking selectively enriched diverse bacterial taxonomic groups ( Table 2) . About 10% of the genera detected were significantly enriched in one or both polluted soils. Most genera belonged to Proteobacteria (23 genera), and few to Actinobacteria (2 genera) or Bacteroidetes (1 genus; Table 2 ). Many genera were never reported being involved in PAH degradation, e.g., Sphingosinicella, Afipia, Duganella, Herbaspirillum, Rhodanobacter, Dokdonella, Dyella, Aquicella, Peredibacter, Legionella, Nannocystis, Byssovorax, Dactylosporangium, and Mucilaginibacter. The relative abundance of most enriched genera was still low (<0.4%) in both polluted soils. Sphingomonas, Polaromonas, Novosphingobium, Phenylobacterium, Burkholderia, Mycobacterium, and Mucilaginibacter were enriched in both polluted soils. Among them, Sphingomonas (>18%) and Polaromonas (>4%) became the most dominant genera in both soils. In contrast to these genera commonly enriched in both polluted soils, Herbaspirillum, Dokdonella, Dyella, Legionella, and Dactylosporangium were enriched in the polluted Luvisol, while Pseudoxanthomonas showed an increased abundance only in the polluted Cambisol. Interestingly, the genus Dokdonella had a similar relative abundance (0.6%) in both control soils, but an increased abundance of this genus was only observed in the polluted Luvisol ( Table 2) . Further analysis at the species level confirmed that the most abundant Dokdonella OTUs were present in both control soils but a significantly increased abundance was observed only in the polluted Luvisol. Other examples of soil type specific responses were observed for Novosphingobium, Sphingomonas, and Polaromonas ( Table 2) .
To pinpoint those species which significantly differed between phenanthrene-polluted and non-polluted soils, all OTUs at the species level were subjected to Tukey's tests. A total of 88 OTUs were identified as significantly enriched in the polluted soils, and the majority of them were affiliated to Proteobacteria and
Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation
Actinobacteria. The diversity of enriched OTUs was higher in the polluted Luvisol (69 OTUs belonging to Proteobacteria or Actinobacteria) than in the polluted Cambisol (49 OTUs belonging to Proteobacteria, Actinobacteria, Acidobacteria, or Bacteroidetes) at species level. Interestingly, 30 out of 88 OTUs (Table A4 in Appendix) were commonly enriched in both polluted soils. Some enriched OTUs (Sphingomonadaceae) were also abundant in the control soils. Eight out of the 10 most abundant and significantly enriched OTUs were more frequently detected than average in the control soils. Three of them even ranked among the most detected seven OTU in the control Luvisol. In contrast, the most dominant OTUs detected for both polluted soils were not detected from their corresponding control at all. Their relative abundance was extremely high, reaching 3.9% in the polluted Cambisol and 2.5% in the polluted Luvisol. Interestingly, they were affiliated to Sphingomonas (Sphingomonadaceae) and Polaromonas (Burkholderiales), respectively, corresponding to the results in the previous study on PAH-RHDα genes.
DIVERSE SOIL TYPE SPECIFIC TAXA WITH DECREASED ABUNDANCE IN THE POLLUTED SOILS
To identify those taxa numerically reduced (termed in the following as diminished OTUs) in the polluted soils, stringent criteria were applied. Only those OTUs were regarded as diminished OTUs which were five times more often detected than average in the control soil but were never detected in the corresponding polluted soils, or which were at least four times more often detected than average and significantly higher (p < 0.05) in relative abundance in control soil than in the corresponding polluted soil.
A total of 30 OTUs were identified, belonging to five phyla (Proteobacteria, Actinobacteria, Bacteroidetes, Acidobacteria, and Gemmatimonadetes). Compared to those enriched OTUs, the OTUs with decreased abundance seemed more soil type specific. Only one OTU affiliated to Massilia sp. (D84590) was found to be reduced in both polluted soils. Most diminished OTUs belonged to the Proteobacteria, but no one was affiliated with Alphaproteobacteria to which most enriched OTUs belonged. The diminished OTUs belonging to the Proteobacteria were affiliated to Gammaproteobacteria (eight OTUs), Deltaproteobacteria (four OTUs), or Betaproteobacteria (four OTUs). To compare the diminished OTUs and enriched OTUs phylogenetically, representative sequences for each OTU as well as their closest related reference sequences were retrieved from the SILVA 16S rRNA gene database (Pruesse et al., 2007) and subjected to phylogenetic analysis (Figure 3) . Interestingly, the diminished OTUs and those enriched OTUs belong to different phylogenetic branches (Figure 3) . For example, diminished OTUs belonging to Actinobacteria were affiliated with Conexibacter, Solirubrobacter, and Streptomyces while sequences of enriched OTUs were affiliated to Mycobacterium and Dactylosporangium (Figure 3) . Other examples were also observed for Acidobacteria and Bacteroidetes (Figure 3) .
DISCUSSION
The response to phenanthrene spiking of bacterial communities in two previously unpolluted soils was explored by DGGE and pyrosequencing analysis of 16S rRNA gene fragments amplified from TC DNA. A novel semi-automatic pipeline for analyzing 16S rRNA gene sequences consisting of an OTU report generator and OTU report analyzer allowed us to determine the community structure but also to reveal taxonomic affiliation of the responders to phenanthrene spiking. The deviation of the bacterial communities between the spiked and non-spiked control increased over time, suggesting that specific bacteria grew on the added substrate or its metabolites. The concentration of phenanthrene in both soils continually decreased after spiking (Ding et al., 2010) . Many enriched ribotypes belonged to genera that were never reported as responders to PAH pollution. However, the bacterial populations which showed the strongest enrichment in both soils belonged to genera such as Sphingomonas, Polaromonas, which were previously found to be involved in PAH degradation in polluted soils or sediments (Jeon et al., 2003; Singleton et al., 2006; Sun et al., 2010; Jones et al., 2011) . Several bacterial isolates affiliated to the two genera were shown to grow on media with one of PAH substrates as sole carbon source Kobayashi et al., 2009; Schuler et al., 2009 ), suggesting they could be the dominant populations utilizing added PAH substrates. However, microorganisms were reported degrading organic pollutants cooperatively (Sorensen et al., 2002; Dejonghe et al., 2003; Guo et al., 2010) and the populations controlling the flux of metabolic intermediates were assumed to be important for accelerating bioremediation of polluted environments (Head et al., 2006) .
In the present study, only a small proportion of enriched Sphingomonas populations seemed to carry RHDα-like genes (Ding et al., 2010) that are essential for the first step of the aerobic phenanthrene degradation, and that the majority was benefiting from the initial degraders by syntrophic interactions. This finding is supported by the GeoChip analysis (Ding et al., 2012) as most enriched organic pollutant remediation genes were linked with the degradation of one-ring aromatic hydrocarbons and chloro-hydrocarbons. Some of the enriched OTUs belonging to Sphingomonas were also highly abundant in the control soils from which no PAH-RHDα gene amplicons were previously detected (Ding et al., 2010) , suggesting that dominant Sphingomonas probably had a better chance to utilize metabolic intermediates of phenanthrene.
Bacterial consortia consisting of functional complementary groups might facilitate synergistic degradation of organic pollutant by decreasing the possible inhibition effects of metabolic intermediates (Keck et al., 1989) . A fast degradation of PAH substrates by co-culture of Sphingomonas and Mycobacterium was indeed observed by Guo et al. (2010) .
Enrichment of Polaromonas (Burkholderiales) in both phenanthrene-spiked soils was evident by both DGGE and pyrosequencing analysis. Polaromonas is an important genus responsible for aromatic hydrocarbon degradation in soil or sediments (Jeon et al., 2003; Sun et al., 2010) . NagA genes encode the key enzyme for naphthalene (PAH) degradation in Polaromonas naphthalenivorans CJ2 . However, the enriched Polaromonas populations probably differed between polluted soils in this experiment, as phnAc was the dominant degradative gene in phenanthrene-spiked Luvisol but was not detected in the polluted Cambisol and both control soils (Ding et al., 2010) . The gene phnAc was reported in strains of the genus Burkholderia (Laurie and Lloyd-Jones, 1999; Vacca et al., 2005) , Acidovorax (Singleton www.frontiersin.org (Hickey et al., 2012) . All host bacteria of the phnAc gene reported so far belong to the order Burkholderiales (Betaproteobacteria). Based on the complete genome analysis of P. naphthalenivorans CJ2, Yagi et al. (2009) suggested that extensive horizontal gene transfer contributed to the evolution and metabolic versatility of this strain. Pyrosequencing analysis revealed that the most dominant OTU (2.5%) for phenanthrene-spiked Luvisol was also affiliated to Polaromonas, while this OTU was not detected for both control soils and was less abundant (0.3%) in polluted Cambisol. The relative abundance of this OTU (0.3%) was much lower than all OTUs affiliated to Polaromonas in the polluted Cambisol (4.1%). These results support that the majority of enriched Polaromonas populations in the polluted Cambisol likely also benefit from the initial degraders. The study of Yagi In the present study, pyrosequencing data revealed that the relative abundance of Pseudomonas was significantly higher in the polluted Cambisol than in the corresponding control ( Table 2) , suggesting that some Pseudomonas bacteria grew in the polluted Cambisol. Pseudomonas was reported to be enriched in PAHpolluted sites (Edlund and Jansson, 2008; Jones et al., 2011) . Unlike the pyrosequencing data, the DGGE analysis did not indicate an effect of phenanthrene on Pseudomonas which may be explained by the inefficient amplification of some Pseudomonas populations by the gacA primers (Costa et al., 2007) . The role of the enriched Pseudomonas in the polluted Cambisol remains to be elucidated as no nahAc-like genes were found in the previous study on PAH-RHDα genes (Ding et al., 2010) . NahAc-like genes are often located on IncP-9 plasmids (Dennis and Zylstra, 2004; Sota et al., 2006; Heinaru et al., 2009) . The host range of IncP-9 plasmids is confined mainly to Pseudomonas. In our experiment, oriV-rep regions of IncP-9 plasmids were detected for most soil samples but no enhanced abundance of IncP-9 plasmids was found for the polluted soils (data not shown).
Pyrosequencing analysis revealed that the bacterial diversity [richness (Chao1, rarefaction analysis) and evenness (Pielous's evenness indices)] was lower in the phenanthrene-spiked soils than the non-spiked control, probably due to the remarkable increase in relative abundance of few taxa. The influence of PAH pollution on bacterial diversities seemed inconsistent as Dos Santos et al. (2011) observed an increase of bacterial richness for sediments after adding oil which is a complex mixture containing different PAH compounds. However, bacterial species diversity in soil or sediments is often extremely high (Curtis et al., 2002; Gans et al., 2005; Hong et al., 2006) , only the relatively dominant populations are likely to be detected and the estimation of the bacterial richness is frequently biased by the amount of sequences (see Figure A7 in Appendix) or the algorithm. Populations that decreased in abundance after PAH pollution might be useful indicators of adverse effects of PAH pollutants. In the present study, bacteria belonging to Conexibacteria,Acidobacteria Gp1, Myxobacterium were numerically reduced in the phenanthrene-polluted soils. Among these taxa, only Acidobacteria Gp1 was previously reported to be affected by phenanthrene in soil (Sipila et al., 2008) . Bacteria belonging to Solirubrobacter, Conexibacter, Myxobacterium, and Acidobacteria GP1 prevail in soils but are difficult to be cultivated under standard lab conditions (Davis et al., 2011) .
Several studies suggested an important role of fungi in PAH metabolization by direct degradation, by transport of bacterial degraders to the source of PAH (Kohlmeier et al., 2005; Mollea et al., 2005; Furuno et al., 2010; Hong et al., 2010) . However, DGGE analysis of PCR-amplified ITS fragments (Weinert et al., 2009) revealed that the fungal communities were less affected by phenanthrene in the present study, except for Cambisol on day 63 ( Table 1) . Compared to the Luvisol, the Cambisol has a much higher clay content. High clay contents were found to impact bacterial motility or the rate of substrate diffusion in soil (Raynaud and Leadley, 2004; Long and Or, 2009 ). The transport of bacterial degraders to phenanthrene (Kohlmeier et al., 2005; Furuno et al., 2010) or vice versa on fungal hyphae, might be more important in the Cambisol than in the Luvisol. However, the different response of fungal community to phenanthrene spiking might be also related to the differences in fungal community compositions of both soils (data not shown).
In summary, the responses of soil indigenous bacteria to phenanthrene depended on soil type, exposure time and taxonomic group. In relation to the abundance and diversity of enriched PAH-RHDα genes and the relative abundance of enriched taxa in the corresponding control soil, possible synergistic interactions of bacteria belonging to Sphingomonadaceae in degrading phenanthrene were suggested. In response to phenanthrene pollution of previously unpolluted soils, numerous OTUs with decreased abundance were identified. www.frontiersin.org Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation
